I. INTRODUCTION
Ion mobility spectrometry (IMS) is a well-established technique for fast trace gas detection, offering limits of detection (LOD) in the low ppt v -range for measuring times of less than a second. The sensing principle of IMS is based on a separation of ions by their ion-specific mobility in a drift gas under the influence of an electric field. 1 Due to its analytical performance and comparably compact realization, it is attractive for a wide range of applications. Commonly, IMS are used for security applications such as the detection of hazardous substances, 2 drugs of abuse, 3 or chemical warfare agents. 4, 5 However, today the field of other applications is constantly growing. IMS are used, e.g., in food industry 6 or medical applications. 7, 8 However, as this technique is based on the separation of ions, every sample must be ionized prior to analysis. Different ionization sources offer different advantages and disadvantages, which must be considered when designing an instrument. A common method for the ionization of gaseous samples is radioactive β − -radiators, often containing 63 Ni or 3 H. One disadvantage of using radioactive materials in IMS is legal restrictions, complicating import, export, deployment in certain areas and disposal of such devices. Furthermore, the constant radiation with predefined intensity of radioactive ionization sources is disadvantageous, especially as it cannot be shut off. However, there are non-radioactive alternatives with variable intensity described in literature, e.g., using a UV photo ionization lamp, 9,10 a corona discharge, [11] [12] [13] [14] [15] a micro plasma, 16 or nonradioactive electron emitters. 17 Unfortunately, additionally to the reduced sensitivity when using UV ionization, the spectra gained from UV-photoionization and corona discharge differ from the spectra produced with a radioactive ionization sources, so they are not comparable. The main disadvantage of micro plasma and nonradioactive electron sources is that they are not widely commercially available. Therefore, we investigate the performance of an X-ray source as an alternative ionization source to the tritium source of our previously described IMS. 18 There are already some setups using X-ray IMS described in the literature. 19, 20 However, by now there is no comprehensive study on the impact of X-ray source working parameters on the performance of an IMS to be found. Fig. 1 depicts a schematic of the setup. It consists of a commercially available miniature X-ray source (XRT-50-2-Rh-0.6-125, Newton Scientific, Inc., USA), an ionization region between pulse and injection grid, a drift region, an aperture grid, and a Faraday detector. The X-ray source has a rhodium target with 0.6 µm thickness and a focal spot size of 1 mm × 2 mm. The continuous power rating is 2 W. The source is mounted axially in the position and orientation of the original 3 H source, as is beneficial for a simple realization of the mounting. Ions are injected by a field switching (FS) shutter, whose working principle is described in Ref. 21 . It is based on switching the electrical field inside the ionization region on and off in order to control ion motion. The injection grid, dividing ionization region and drift region, is kept at a constant potential. To enable ion transmission from ionization region to drift region, a significantly higher potential than that of the injection grid is applied to the ion source. To stop ion transmission, the ionization region is kept field-free, which often requires a slightly lower potential on the ion source than on the injection grid in order to compensate field penetration through the injection grid. Here, an additional pulse grid was placed directly in front of the X-ray source to serve as a replacement of the conductive surface of the metallic β − -radiator. The advantages of the field switching shutter compared to the widely 0034-6748/2016/87(5)/053120/4/$30.00 87, 053120-1 Published by AIP Publishing. Rev. Sci. Instrum. 87, 053120 (2016) used Bradbury-Nielsen (BN) shutter are easier manufacturing of the mechanical parts, improved mechanical stability, and reduced distortion of the drift field. The latter is the key for injecting short ion packages, which in turn is necessary for achieving high resolving power with compact drift tubes. The drift tube design used in this work is described in Ref. 18 . Compared to that work, we use a tube with a reduced drift length of 75 mm, as for example described in Ref. 22 . A drift voltage of 4.9 kV is applied via a resistive voltage divider over stainless steel ring electrodes separated by polyether ether ketone (PEEK) isolation rings, resulting in a homogeneous field inside the drift tube. The drift region is terminated with a faraday detector with aperture grid. The setup is operated at atmospheric pressure and a drift tube temperature of 23 • C. The IMS is purged with a gas flow of dry clean air at a flow rate of 250 ml/min and a dew point of −85 • C. The sample gas flow is set to 11 ml/min. Fig. 2 shows a photo of the compact realization of our setup. The mounting for the X-ray source and the housing for the drift region are also comprised of polyether ether ketone (PEEK). To avoid analyte diffusion into the drift region, both the analyte gas inlet and the common gas outlet are localized at the ionization region.
II. EXPERIMENTAL

III. RESULTS AND DISCUSSION
In first step, the influence of the operating parameters of the X-Ray source on the IMS-spectrum is investigated. As the X-ray source is mounted axially and the penetration depth of the radiation in air is much larger (few tens of mm depending on U A ) than the ionization region depth of the IMS, the neutral drift gas inside the drift region of the IMS is ionized continuously. This leads to an increasing offset current I offset when increasing the activity of the X-ray source. However, at first this is no drawback, as the offset can be simply subtracted from the spectrum for correction. Fig. 3 shows spectra of the positive reactant ion peak (RIP + ) for arbitrary combinations of filament current I h and acceleration voltage U A . Generally, increasing either I h or U A increases the intensity of the radiation, which results in a higher RIP + intensity.
However, as shown in Fig. 4 , it is not necessary to investigate these parameters on their own. It depicts the resolving power of the RIP + and the offset corrected RIP + -amplitude in dependency of the offset current, for different combinations of filament current and acceleration voltage. The resolving power, which is defined as the drift time of the corresponding peak divided by its full width at half maximum (FWHM), serves as a measure for the resolution of the setup, while the RIP + amplitude is used as a measure for the expected sensitivity of the setup. The RIP + amplitude and analyte peak amplitude, and therefore sensitivity, should be proportional to each as long as the chemical ionization process is not influenced by the change of parameters.
It can be seen that the measurement data for three different filament currents with different acceleration voltages follow exactly the same function when using the offset current I offset as x-axis. This means that the same offset current produces the same IMS spectra, regardless of the combination of filament heating current and acceleration voltage that lead to this offset current. This is an extremely important observation, as filament heating current and acceleration voltage influence the X-ray radiation in different ways. Changing the filament current only increases the intensity of the emitted X-radiation, whereas increasing the acceleration voltage also increases the intensity, but additionally shifts the low-wavelength cutoff to smaller wavelengths and therefore higher energies in the emitted X-ray spectrum. Therefore, the offset current in the IMS spectrum is an ideal measure for the activity of the X-ray source, as it reduces the parameters that need to be observed. For low offset currents, the resolving power of the RIP + is about R = 100, which is equal to the resolving power obtained using a 3 H source. Increasing the activity of the X-ray source leads to a decrease of the resolving power to R = 60 at an offset current of I offset = 475 pA due to higher Coulomb repulsion. However, concurrently the amplitude of the RIP + is drastically increased from 7 pA at I offset = 19 pA-1560 pA at I offset = 480 pA. Thus, it can be estimated that the sensitivity of the setup can be vastly improved choosing a higher activity of the X-ray source.
However, the true parameter of interest is not the sensitivity alone, but rather the limit of detection (LOD), which is defined as the peak intensity, which equals three times the noise. To make a statement about the limits of detection, the noise in the spectrum has to be considered additionally to the signal intensity. Fig. 5 shows the variance (σ 2 ) of the noise after 2 s of averaging, plotted the offset current I Offset . It can be seen that the variance of the noise increases linearly with increasing offset current. This observation can be explained with the phenomenon of Fano noise. 23 Fano noise originates from the statistical nature of an X-ray ionization process and therefore the noise level is dependent on the number of ions produced. The variance of the Fano noise is expected to be a linear function of the ion current, which agrees perfectly with the measurement shown in Fig. 5 . Thus, we attribute the increase in measured noise current to the rising Fano noise.
As a measure for the limit of detection, the signal to noise ratio (SNR) of the RIP + -amplitude (RIP + -amplitude/σ) is investigated as shown in Fig. 6 . It can be seen that the highest SNR (i.e., the best expected limit of detection) of about SNR = 240 is already reached at an offset current in the range of I offset = 100 pA-150 pA, although in this range the RIP + -amplitude is still massively increasing with increasing offset current, as shown in Fig. 4 . However, as the increasing noise limits the maximum SNR, better limits of detection are achieved at intermediate amplitudes. Therefore, the best overall performance is achieved with an X-ray source activity at the lower limit of the given offset current range that maximizes SNR, i.e., I offset = 100 pA, as it combines the maximum SNR with higher resolving power than that achieved using higher offset currents.
Having determined the optimum activity of the X-ray source, we performed measurements on two different chemicals in clean dry air. Acetone was characterized in positive ion mode, while methyl salicylate was characterized in the negative ion mode, in which all voltage polarities are inverted. In the positive mode, the positive reactant ion peak (RIP + ), an acetone monomer and an acetone dimer are observed as shown in Fig. 7(a) ). This spectrum is equivalent to that observed using a 3 H source. In the negative mode spectrum shown in Fig. 7(b) , a double negative reactant ion peak (RIP − ) and a single methyl salicylate peak appear. Again, this mirrors the spectrum observed with the 3 H source.
For both substances, limits of detection were determined based on the measured noise and the measured linear amplitude increase of the product ion peaks at low concentrations. The limit of detection was defined as three times the standard deviation of the noise. For a measuring time of 2 s, the achieved limits of detection are 86 ppt v for acetone using the monomer and 420 ppt v for methyl salicylate. The limits of detection achieved with a similar setup employing a 3 H source under similar conditions are 57 ppt v for acetone and 127 ppt v for methyl salicylate. However, these values are not completely comparable, as implementation of the X-ray source mounting leads to a change of the gas outlet position and the geometry of the ionization region. Rev. Sci. Instrum. 87, 053120 (2016) 
IV. CONCLUSION
In this work, we present the realization and characterization of an X-ray IMS. Therefore, the 3 H-source of our previously described compact high resolution IMS was replaced by a commercially available X-ray source. The realized setup maintains the resolving power of R = 100 at a drift length of 75 mm. A systematic investigation of the operating parameters of the X-ray source showed that the signal intensity can be increased by increasing either the filament current or the acceleration voltage. Furthermore, the offset current in the spectrum, which is created due to the axial orientation of the x-ray source, proved to be an ideal measure for the activity of the source, as it could be shown that every combination of filament current and acceleration voltage with identical offset current results in an identical IMS-spectrum. However, increasing the offset current also leads to increasing noise in the spectrum. As the variance of the noise is proportional to the offset current, the increasing noise was attributed to Fano noise, i.e., the statistical behavior of the X-ray ionization process. Therefore, the maximum signal to noise ratio is limited as at some point the increase in signal amplitude is lower than the increase in noise. Measurements of acetone in positive mode and methyl salicylate in negative mode using an optimized X-ray source activity showed very good detection limits in the low ppt v -range.
